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Structural and biochemical basis of 
ipoptotic activation by Smac/DIABLO 
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Apnptosls (programmed cell Am*), an essential process In the ttewtopment and h **f^?^ 
X^Xmrtocfiart protein $mac/D1ABL0 performs a ^"^"^ 

JA^rilbKor of apoptois proteins) on caspases. Hare we sliPWihatSmac^lABLOpriiinxte ^f?^ ^ PIS^l^^^^lSl 

WpTXaystol structure Of Swac/OIABLO at 22k nsolutton reveals that It homodlmerhas prounj, a ?J^^ W^ol* 
SSaS. K^ttons biacthratlng this drrnerfc int^sijn^^ 

flXnWto oroWns Reaper, Grim and Hid, the aralncHtermlnal amino acU$ of Smac/DIABLO are htd^ensabte for ^ fundk^and 
b^JX^^S^^ from the amino termtmia promotes procaspa$e^ail«i to tftoTTtess resuha estaWsh an 
evXttonerlly conserved structural and biochemical basis for the activation of apoptoals by Smac/DIABLO- 



Apoptosis it crucial in the development and homeostasis of all 
multicellular organisms^ 4 . Abnormal inhibition of apoptoais U a 
hallmark of cancer and autoimmune disease*, whereas excessive cell 
death is implicated in neurodegenerative disorders such as Alzhet* 
rner disease**. The mechanism of apoptosis if remarkably conserved 
across 6pede, involving a cascade of initiator and effector caipases 
that are activated sequentially* 1 , 

Caspasa, a fomiry of cysteine protease* with aspartate substrate 
specificity, are produced in cells as oatarytically inactive zymogens 7 , 
Effector caspaseS. such as caspase-3, are activated by initiator 
caspascs, such as caspase-9, through proteolytic cleavage at *peci6c 
internal Asp residues*. Once activated, the effector caspases are 
responsible for proteolytic cleavage of a range of cellular targets, 
ultimately leading to cdl death. 

The inhibitor of apoptosb (1AP) family of proteins, originally 
identified in the genome of baenhrvirus on the basis of their ability 
to suppress apoptosis in infected host cells, has a key function in the 
negative regulation of programmed cell death in a variety of 
organisms* • lAPs suppress ajpoptosis fay.prcrenting the activation 
pf procaspases and Inhibiting the enzymatic activity of mature 



ca&pa&es**". Several distinct mammalian IAPs including XIAP, c- 
IAP1 , C-IAP2 and sunrivin have been identified, and they all exhibit 
anri-apoptotie activity in cell culture** 10 . In Ptosophtla, the antj- 
arwptotk activity of lAP*i« removed by Reaper, Grim and Hid, all of 
which appear to act upstream of lAFs and interact physkairv with 
1A*S to relieve their inhibitory effect on caspase ectivation 11 '' 1 . 

One importani caspase activation cascade is criggezed by the 
release of cytochrome c from the intermembrane space of mito- 
chondria, which occurs in response to several apoptotk stimuli 
including serum deprivation, DNA damage and activation of cdl- 
surface death reoeptors ll,v \ Jo the cytosoJ, cytochrome c associates 
with Apaf-1 in the presence of dATF or ATP and induces its 
oligomerizatfon. The oligomeric ApaM complex recognizes the 
inactive procaspase-9, forming the 'apoptosome*, which induces 
autocatalytic processing of procaspase-9 (reft t5— 19)- The mature 
ca*pase-9 in turn activate* its primary downstream target 
procaspase-3. 

Concurrent with cytochrome c release, another important 
regulato of apoptosis, Smac 20 (second mitochondria-deTtved acti- 
vator of caspases) or DIABLO 0 , is also released from the nutochon- 
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dm into the cytosoL Whereas cytochrome e induce* multimeriza- 
* ofAp*M to activate procaspase-9 and -5. Smac eliminates the 

ubitory eflect of many IAPs 2 *". Smac interacts with aD IAPs that 
nave been examined, including XIAP, c-tAFl. C-1AP2 and 
survivin 3 " 1 . Thus. Smac appears to be a master regulator of 
apop tests in mammals and a functional homologuc of the 
Drosephiia proteins Reaper. Grim and Hid. 

Smac is synthesized a* a 239^ainino-actd precursor molcoJct the 
aminO-terminaJ 55 residues serve as the mitochondria targeting 
sequence, which is removed alter import? 0 - The mature form of 
Smac contain* 184 amino acids and behaves as an oligomer In 
solution 11 . Despite its Importance in cell death, no structural 
information is available on Smac or on its Drofophila functional 
homologues Reaper, Grim and Hid. 

Here, vrt report the 22 A resolution crystal structure of mature 
Smac* which shows an arch-shaped homodimer with rich surface 
features- The hornodimeric imerfece Is dominated by hydrophobic 
residues through van dex Waals interactions. Mutations of key 
residues at the interface disrupt diracr formation and signifi cantly 
weaken the ability of Smac to activate procaspase-3 and promote the 
enzymatic activity of mature caspase-3. In addition, the N-tenninat 
residues of mature Smac are essential for Smac function, as muta- 
tion of the first amino acid renders the resulting protein completely 
inactive. Furthermore* we show that the tf-terminal peptides of 
Smac can promote piocaSpase-3 activation m vitro, suggesting 
therapeutic potential. Combining structural* .mutational and bio- 



chemical analyses, we propose a coherent model for apoptotic 
activation by Smac. 

Structure of a Smac monomer 

The mature form of Smac (residues 1-184; relative molecular 
mass 21,000 (M< 21K)) was owrexp rexsed in bacteria, purified 
to homogeneity and crystallized The X-ray structure was 
determined at 22 A resolution by multiple isomorphous 
replacement (table 1). Our final atomic model contains resi- 
dues 11-182- No electron density is seen corresponding to the 
N-terrninal 10 residues, and we presume that this region is 
disordered in solution. 

The Smac monomer is an elongated three-helix bundle with 
moderate curvature (Fig. la). The Hi helix packs closely against 
belt ces H2 and H3, whereas H2 and H3 are fenher apart. Most of the 
hydrophobic residues are located in the interior of the three-helix 
bundle, contributing to Its stability* In addition, the elongated 
helices are buttressed by 23 intra- and 9 intcsheUcal hydrogen 
bonds involving the side chains of exposed polar residues. Owing 
to Its elongated shape, Smac is expected to exhibit a much larger 
radius of hydration in solution than a globular protein with the 
same molecular mass. 

Around half of the exposed hydrophobic residues cluster on one 
small surfece patch formed by the N-terminal half of HI and the 
carboxrtcrtninal third of H2 (Fig. la), indicating that this region 
might be involved in important protein-protein interactions. 
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Overall structure of a Smac dlmer 

Smac was reported to behave a* an oligomer in solution* with an 
apparent M s of 10OK (rrf. 20). Because Smac exhibits the same 
oh'gomeric state In both physiological buffer and crystallization 
solution, the oligomeric interlace of Smac is probably preserved in 
crystal packing. We therefore carefully examined the crystal packing 
of one protomer again* its neighbour*. Unexpectedly, we failed Co 
identify any protomcr-protoiner interface that can be propagated 
to form a higher-order oligomer, indicating that Smac may be a 
dimer in solution. Our analysis identified a strong candidate dimer 
interface. 

tn the crystals) two protomers of Smac pack symmetrically across 
the previously identified hydrophobic surface patch formed by 
helices HI and H2» resulting In the burial of 2,157 A 1 surface area 
(Fig. Ib). Dimerization through this interface creates a farther 
elongated and arch-shaped Smac molecule, with the N termini on 
top and the carboxy termini at the feet of the arch (Fig. Lb). The 
angle subtended by the two legs of the arch is around 115*, There is 
an extensive flat surface underneath the arch formed by the O- 
tcrrninal third of helix H2 and die N-terminal third of helix H3. The 
overall dimentioms of the Smac dimer are length 130 A, height 65 A 
and width 35 A, as measured by the corresponding backbone Ca 
atoms. This structural arrangement would cause a Smac dimer to 
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exhibit a much greater apparent molecular mass in gel-filtration 
chromatography than the predicted theoretical weight 

To define the diineric interface conclusively, we generated 22 
misseme mutations for specific surface residues in Smac* 15 of 
which targeted crystal packing contacts (Table 2). In particular* 
seven mutations were directed at residues at the observed 
dimeric interface (Table 2). All 22 mutant proteins were purified 
to homogeneity; and the oligomeric atates of these proteins were 
individually analysed by gd-filtration chromatography (Fig. It 
Table 2). Four point mutations (V26D, F33A, F33D and L108D), 
affecting three residua at the candidate dimeric interface, com- 
pletely disrupted the oHgomerk state of the wild-type protein 
(Fig. Jc Table 2). The elution volume of these four mutants on 
gel filtration corresponds to an apparent Af r of about 33K, 
consistent with that expected for an elongated monomer 
(2lK). In contrast, the other 18 mutations, including eight 
targeting other crystal packing contacts* had no detectable 
effect on the oligomeric state of Smac (Table 2). Because of 
the extensive and hydrophobic nature of the dimeric interface, 
mutation of a hydrophobic residue to alanine (V26A or L108A), 
ox of a peripheral polar residue (Q3£A), is not sufficient to 
abolish dimer formation (Fig. ld» Table 2). These results confirm 
that Smac forms a symmetric dimer (Fig- lb). 
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SpedflcHy at the dfanmfe tnterfa&a 

" x> molecules of Smac hcmodimerlie through their N-termldal 
'« of helix Hi and G terminal thirds of helix H% forming an 
«itiparallel fbur-helbc handle (Fig. 2a). The core interface ia pre- 
dominantly hydrophobic* with additional specificity provided by 
intermolecular hydrogen bonds at the periphery of the four-helix 
bundle (Fig. 2), 

The hydrophobic packing at the dimeric interface is extensive, 
with 18 residues from one molecule interacting with those from the 
other molecule (Fig, 2a, b). The inter&ce exhibits twofold symme- 
try; with each half consisting of three planes of intcrdigiUting 
residues (Fig, 2b). Hydrophobic residues stack closely against each 
other both within and between adjacent planes. At the cod of the 
(bur-helix bundle Hes the first plane, where two Thr residues, T37 
and Tl 0 l, on molecule 1 , pack against M19 and H 19 on molecule 2 
(Fig. 2b). Farther along the axis of the four-hdix bundle is the 
second plane, where F33 on HI emends into the centre (Fig* 2b). 
Five small residues, Al 05 and T104 on molecule 1 and A22, V23 and 
All 5 on molecule 2 r form a hydrophobic environment around F33. 
Use third plane is located next to the centre of the four-helix bundle 
(Fig. 2b). WUhin this plane, LlOB on molecule 1 and V26 on 
molecule 2 pack closely against each other at the centre. Four 
additional residues* 130 and S29 on helix Hi of molecule 1 and 
Ml 1 1 and Al 12 on helix H2 of molecule 2, pack at the periphery of 
this plane, forming a network of van der Waab mteractto as. 

Three residues, V26, F33 and LI 08, reside in the centre of the 
four-heUx bundle and constitute the core of the hydrophobic 
interface (Pig. 2b). This structural arrangement predicts that repla- 
cement of these residues by charged residues is thermodynamiczUy 
unfavourable and probably destabilizes the dimeric interface. 
Indeed, V26D, F33D and MOW alt led to complete disruption of 
the dimerk Interface (Fig. lc. Table 2). Replacement of the bulky 



EM by a small Ala residue also abrogated dimer formation (Table 2). 

Although hydrophobic contacts are important in the formation 
of a Smac dlmer; hydrogen-bond interactions may further 
strengthen the interface and probably contribute to the specificity. 
There are seven intermolecular hydrogen bonds at the interface* si 
located at the periphery (Fig. 2c), At the end of the four-helix 
bundle, the side chain of K97 donates a hydrogen bond to the 
backbone carbonyl oxygen of Ql 13» whereas its side chain accepts a 
hydrogen bond from T104 (Fig. 2c), The side chain of Q36 makes a 
hydrogen bond to the backbone carbonyl group of LIS (Fig. 2c). At 
the centre of the helix bundle, S29 makes a symmetric contact to S29 
in the other molecule (rig. 2c). 

Infection with lAPs 

Smac stimulates activation of procaspase-3 by relieving inhibition 
by 1AW* 21 . All members of the LAP family contain at least one BIR 
(beruloviral IAP repeat) motif, and many contain three*. Recent 
experiments indicate that different BIR domains may exhibit dis- 
tinct functions. During Fas-induced apoptosis, the endogenous 
XlAF is cleaved into two fragments, each with distinct specificity 
for caspases 11 . In addition, the second BIR domain (B1R2) of XIAF 
appears to be a potent suppressor of apoptosis and a direct inhibitor 
for caspases, whereas neither BIR1 nor BIR3 exhibit similar 
activity* 

To characterize Smac-IAP interaction further, we generated a 
aeries of XIAP fragments as fusion proteins with glutathione £- 
transferase (GST; Kg. 3a) and assayed their interaction with Smac 
using purified recombinant proteins (Table 2). As expected, wild- 
type Smac Interacts sUbly with the second or third BIR domain of 
XIAP (Table 2). In contrast, Smac exhibited no detectable interac- 
tion with XIAP-BIRl despite its strong sequence homology to the 
other two BIR domains (Table 2), To examine whether Smac can 
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bind simultaneously to BIR2 and BIR3 of XIAP, we performed 
competition experiments, The results show that BIR2 and RIR3 
exdadc each other upon binding to Smac (data not shown). 

In contrast to the wfld*type dimcrtc Smac, the monomeric 
mutants V26D, P33D and L108D could not interact with the BIR2 
domain of XIAP (T*bk 2)* A fourth monomelic mutant, F33A, had 
severely diminished binding activity for X1AP-BIR2 (Table 2). AB 
dimeric Smac mutants retained their abihty to interact with XIAP- 
BIR2 (Table 2), Surprisingly, both monomeric and dimeric missense 
mutants can interact with XIAP-BIR3 (Table 2). In addition to its 
significance for the mechanism of caspase activation, this result also 
implies distinct specificity in the fonchtmofdiflferejjtBIRdoiiiaii». 

Dual effects of Smae 

Smac can induce activation of procaspase~3 by eliminating the 
inhibitory effect of lAFs*. lb characterize this function in vitro, 
we reconstituted a procaspase-3 activation assay, using purified 
recombinant components (Fig* 9b). In the presence of Apaf-1, 
piOcaspase-9, cytochrome c and dAH> the xadio-labelled proca^ 
pa*e-3 precursor was converted to the active form consisting of two 
summits (Fig. 3b, lane 1). Addition of the recombinant XIAP 
protein (residues 1-356) completely inhibited the proteolytic 
processing of proawpase-3 (hme 2). Toe inhibitory effect of XIAP 
was eliminated by mcrcssing amounts of wild-type Smac (lanes 3- 

Apoptosis is carried out by the enzymatic activity of mature 
caspases, Although Smac induces the activation ofprocaspaSe-3, it 
is not clear whether it can also promote the catalytic activity of 
mature caspases. Tb investigate this possibility, we used a caspase-3 
enzymatic assay, in which cwpase-3 activity is monitored through 
its cleavage of DFF45 (r*£ 24) or 1CAD*\ the inhibitory summit of 
the caspase*activated DNa*. In apoptotk cells, degradation of 
DFF45 or ICA0 releases inhibition of the DNase DFF40 or CAD, 
which subsequently cleaves chromosomes into nudeosome* 0 * In 
the absence of easpase-3, the DFF complex remains inactive and the 
DNA substrate remains intact (Kg, 3c, Jane I). Incubation with 
»ctiv* caspasc-3 releases the PNase activity of DFF40, which 



No. 5970 P. 16- 

artlcles 

degrades the DNA substrate into short oligonucleotides 3c. 
lane 4). Here the enzymatic activity of caspose-3 is measured as its 
ability to activate DFF40/43, which in rum cleaves DNA* Addition 
of XIAP-B1R2 to this reaction completely inhibits the enzymatic 
activity of caspase-3, as Indicated by the absence of DMA deava*e 
(fig. 3c, lane 5). Neither SlRl nor BJJU has any effect (data not 
shown), presumably because neither can bind caspase-3 (ret 23). 
With the addition of increasing amounts of wild-type Smac, the 
inhibitory effect ofXIAP on caspase-3 was relieved and the DNA was 
cleaved into progressively lower molecular mass species (Fig. 3c, 
lanes 6-9), 

These observations show that Smac promotes the enzymatic 
activity of caspase-3 by physically removing the inhMory dfeet 
of lAPs. Our results demonstrate thai Smac has two roles; to induce 
ihe activation of procaspase-3, and to promote the enzymatic 
activity of mature caspase-3. 

Functional significance of a Smac fimer 

We first examined the rok of the Smac dimer in the induction of 
procaspase-3 activation using the in vitrv reconstituted assay 
(Hg. 3b). In contrast to wild-type Smac (Fig, 3b> femes 3-5), the 
three morxwwric Smac mwem*, V26D> F33D and 1,1081* had 
markedly less capacity to promote procaspase-3 activation (Fig. 3b. 
lanes 6-14). Two dimeric Smac mutants, V26A and L137D. retained 
simflar activity to wild-type Smac (Fig. 3b, lanes 13-20). These 
results indicate that Smac ditnerizarion is essential to its runction in 
activating procaspase-3. 

Next we investigated the significance of a Smac diraer in promot- 
es the enzymatic activity of mature caspase-3 (Fig. 3c). In contrast 
to wild-type Smac (Fig. 3c, lanes 6-9). the monomeric Smac 
mutants could not relieve the inhibition of caspase-3 activity by 
XIAP (Fig. 3c, lanes 1 1, 12). The activity of the dimeric mutant 
W6A was similar to that of the wild-type Smac (Fig. 3c hue 13). 
Thus Smac promotes theejizymatic activity of caspase-3 r and Smac 
dimerizatioTi is essential to this activity. 

The functional dependence on dlmcrbation of Smsc can be 
explained by existing evidence and our interaction data (Fig. 3d). 
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The second BIR domain of XtAP is uniquely potent in blocking the 
^tion of proca*pase-9 and in inhibiting the enzymatic Activity 
Ltuns caspase-3 (re£ 23). However, monomelic Smac mutants 
raued to interact with XIAP-BIR2 (Fig. 3d, Table 2), thus making 
these mutants unable to induce procaspase-3 activation and pro- 
mote the enzymatic activity of mature caspasc-3 by relieving the 
inhibitory efled of X1AE, 

Function of N-tAmtinal residues In Smac 

In the course of preparing recombinant proteins for biochemical 
assay* we discovered mat Smac protein derived from an N-terminal 
GST fusion is completely inactive even after removal of GST fay 
proteolysis. This result indicates that the N-terminal flexible 
■sequences in Smac may be critical for its activity. 

Tb investigate systematically the cole of the N-terminal sequences, 
we generated a series of Smac mutants with N*tenninal deletions 
(Hg. 4a). All mutant proteins were purified to homogeneity. The 
identities of these mutants were confirmed by mass spectroscopic 
analysis and N-terminal peptide sequencing. The first residue Ln 
endogenous wild-type Smac is Ala, owing to cleavage of the 
mitochondria targeting sequence*. The initiation Met residue is 
completely removed in bacterial expression owing to the presence of 
an Ala as the penultimate residue 17 (Fig. 4a), We attempted to 
create a single-residue deletion by removing this Ala* However, 
the initiation Met is no longer removed owing to the presence of 
a Val as the penultimate residue 17 . In essence, a single point 
mutation (Ala to Met) was created Instead and this mutant was 
named dcllM. The rest of the mutants were similarly created and 
named (Fig. 4a). 

We assayed these N-terminal deletion nuitaots for their ability to 
promote caspase-3 activation (Fig- 4b). The miss true mutation at 
the first residue, ddlM, completely eliminated Smac activity 
4b, lane 15). All other deletion mutants, with the exception 
14. also lost their ability to promote procaspast-3 activation 
(fig. 4b, lanes 16-20). Interestingly, the mutant in which the N- 
terminal four residues were removed (deli) was partially active 
(Hg. 4b, lanes 7-10). This mutation resulted in clean removal of the 
first four residues and thus partially preserved the identity of the N- 
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terminal sequence (Kg. 4a). Removal of the C-texminal 11 residues 
in Smac (del-C22) had no Impact on its ability to promote caspase-3 
activation (Fig, 4b, lanes 11-14). 

We assayed these N-terrairwi deletion mutants for their ability to 
promote the earyrnatic activity of caspase-3 (Kg. 4c). WUd-typc 
Smac relieved the inhibitory effect oftOAP (Fig. 4c, lanes 4), but the 
Smac N-terminal deletion mutants were completely inactive in this 
MSay (Pig. 4c, lanes 6, 7). In contrast, the activity of the C-terminal 
deletion mutant (del-C22) was mdistbigiiishabk from that of wild- 
type Smac (Fig. 4c, lane S)e de!4 was also partially active (Fig. 4c, 

These results show that the N-terminal sequences are required for 
Smac function. None of the deletions affects the dlmeric inierfreei 
and all deletion mutants examined behave as homodimers in 
tolution (Table 2), ruling out the possibility that the loss of function 
for these deletions was due to disruption of the dlmeric interface. 
Because Smac works r>y mteiactm^ 

these N-terminal deletions may have removed its ability to interact 
with lAPs* None of the loss-of-function deletion mutants could 
interact with XlAP (Kg, 44 Table 2). Consistent with its weak 
activity, the mutant del4 retained weak interaction with XlAP 
(Table 2). 

thtermlnal peptides activate pfocaspase-3 
Tb examine whether the N-terminal peptides themselves might be 
aMe to promote activation of procaspasc-3, several Smac peptides 
were chemicaUysyntheihed, purified, and assayed for their function 
(Fig. 5), The assay was identical to that shown in Fig. 3b, with the 
same set of control experiments (Fig, 5b, lanes 1-tf). For compari- 
son, we also Included the result for a Smac monomer mutant 
(Fig. 5b, lanes 7-9). A peptide consisting of the first seven residues 
of Smac, Smac-7, could promote procaspase-3 activation at around 
10 |iM, and this activity reached it* maximum at 300 jiM (Fig. Sb. 
lanes 11-14). The same result was obtained for Smac- 10 (Fig. 5b> 
lanes 16-19)* Smac- 11 and Smac-16 (data not shown). In contrast, 
Smac-TM. which differs from Smac-7 only in its first residue 
(Pig, 5a), had no detectable activity at 300 u*M (Fig. 5b. lane 15). 
Another negative control peptide, SmaoTR, which corresponds to 
the reversed version of Smac-7, was also inactive for pn>easpasc-3 
activation (Fig. 5b, lane 10). 
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Discussion 

Despite high sequence similarity among the three BIR domains of 
XIAE Smac interacts only with BlFU and B1R3, not BIR] , indicating 
that the different DlR domains may hare distinct functions, in 
addition. BIR2 and BIR3 exclude each other upon binding to Smac, 
indicating that they may ieeognbe the same structural motif on 
Smac. N-terminal deletion mutants of Smac could not interact with 
either BIR domain (Table 2). Interestingly, the integrity of the 
dirneric interface is indispensable for interaction with BIR2 but 
not BJR3, indicating that the BIR2 domain might form a dimer in 
solution* In agreement with this proposal, BIR2 but not BIR3 can 
inhibit the catalytic activity of mature caspase-3 (ref 23)» which is a 
homodimer by itself*. Further supporting this hypothesis, the BIR 
motifs of the IAP protein Op-IAP mediate selfoligomerfeation". 
Nevertheless, XIAF-BIR2 appeared to be a monomer in solution 10 . 

Interaction with lAPs depends on the integrity of the N terminus 
of Smac This interaction appears to be highly specific, because any 
modification of the N-terminal, residues in Smac compromised or 
abolished interaction, lb our surprise* the replacement of the N- 
terrainal residue Ala by Met in Smac completely abrogated inter- 
action with lAPs, indicating that the hMcrminal hydrophobic 
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residues in Smac may fit tightly into a surface groove on the BIR 
domain (fig* 6a). In this case, the mutation of a small Ala residue by 
a bulky Met could abrogate binding through sterk hmdrance. This 
hypothesis is consistent with the observation that the Smac mutant 
del4, which lacks the first four residues, retains binding {Table 2). 
All binding studies between Smac and XIAP have been reproduced 
using c-IAPl fragments with identical results (data not shown). 
Thus it is likely that Smac interacts with XIAP, c-lAPl and c-IAP? in 
a similar manner (Kg. 6a). 

Although indispensable* the N-tcrminal sequences of Smac do 
not appear to be sufficient fbi stable interaction with IAPs, First. 
Smac monomelic mutants, such as P33D and V26D> maintain an 
intact N terminus but do not bbd BIR2. Because the N terminus of 
one Smac protomer lies near tbe other protomer, the additional 
binding sites probably include regions of this other molecule 
(Fig. 6a). Second, although the Smac peptides were functional, 
they achieved a Similar level of caspase*} activation at higher 
concentrations compared with the Smac monomelic mutants 
(fifr 5). 

Previous studies indicated that Smac can promote the activation 
of procaspase-3 by eliminating the inhibitory effect of IAPs* We 
have shown that Smac promotes apoptosis through at least two 
mechanisms: inducing the proteolytic activation of procaspase-3 
and promoting the enrymatic activity of mature caspase-3 (Pig. 6b). 
Both functions depend on the abfflty of Smac to interact physically 
with IAP*. 

Smac functions as a dimer. Monomeric Smac exhibited 3-5-fbld 
lower activation of proCaspase-S (Fig. 3b) but was largely inactive in 
promoting the enzymatic activity of mature caspase-3 (Fig. 3c). 
This b probably because monomeric Smac abrogated the interac- 
tion with the X1AF-B1R2 domain that is dominant in inhibiting 
caspase-3 activity 73 . As expected, the Smac peptides can promote the 
activation of ptocaSpase-3 only at concentrations higher than the 
monomeric mutants (Fig. 5b). 

The Dro&phifa IAP protein, DIAP1, suppresses apoptosis by 
inhibiting caspases. Three DrosophUn proteins, Reaper, Grim and 
Hid, induce apoptosis by eliminating this mhibitory effect through 
physical interactions 11 *" Thus Smac appears to be the mammalian 
functional homologue of Reaper; Grim and Hid. We have provided 
further evidence that the mechanisms by which Smac and Reaper/ 
Grim/Hid activate apoptosis are conserved Both Smac and Reaper/ 
Glim/Hid contain an N~tenninal fragment that is important tor 
their function and for interactions with lAPs. The sequence homol- 
ogy among Reaper, Grim and Hid is restricted to their N-termirMl 
1 4 amino adds; deletion of these residues leads to loss of interaction 
with lAPs 9 . In addition* an N-terminal 37-residuc peptide of Hid 
was gnftkient to indncc apoptosis and inhibit caspases in insect 
cells 11 . 
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